Abstract-We describe a new method for performing simultaneous position-resolved measurements of chromatic dispersion and Brillouin shift along single-mode optical fibers. The technique provides consistent high-resolution and low-noise results for both quantities. Our measurements indicate a certain correlation between both magnitudes, although the degree of correlation varies for the different manufacturers tested.
I. INTRODUCTION

N
ONLINEAR transmission in optical fibers is governed not only by the average (end-to-end) value of chromatic dispersion along the fiber, but also by the local fluctuations of the dispersion coefficient. In one side, random variations of this coefficient cause irreversible broadening of the soliton [1] and, thus, an increase in the bit-error rate. On the other side, recent experiments have shown that if the dispersion distribution is adequately designed and controlled (dispersion management), strong improvement can be found with respect to the traditional approaches in pulse transmission, specially regarding four-wave mixing (FWM) issues [2] . As a result of this potential benefit, several methods for mapping chromatic dispersion fluctuations in optical fibers have already been presented in the literature [3] - [6] . This letter presents a new method for simultaneous position-resolved measurement of chromatic dispersion and Brillouin shift along an optical fiber. This new technique does not only overcome some limitations of previous chromatic dispersion mapping techniques but also might reveal the cause of the chromatic dispersion variations along the fiber by relating them to strain or doping concentration variations. Moreover, our preliminary measurements suggest a correlation between both magnitudes. This correlation is found to depend on the manufacturing process used.
II. MEASUREMENT PRINCIPLE
We consider two pumps delivering a few milliwatts (5-10 mW) of power at the fiber input. By means of an FWM process, a Stokes and an anti-Stokes wave will be generated along the fiber, following energy conservation rules ( , ). The power of the anti-Stokes wave oscillates along the fiber with a spatial frequency , where stands for the propagation constant. If the frequency difference between the two pumps is small, the term can be directly related to the group velocity dispersion by the expression , where is the second derivative of the propagation constant with respect to the frequency. Similar rules apply for the Stokes wave. The basic idea for the local measurement of chromatic dispersion is to retrieve the power distribution of the Stokes or anti-Stokes wave along the fiber. With this power distribution and a simple time-frequency analysis, it is possible to retrieve the dispersion distribution along the fiber. A plain optical time-domain reflectometer-like configuration for this measurement has been demonstrated. Since the FWM conversion efficiency is small, very high FWM pump powers ( 1 W) are required. A different approach using drastically smaller continuous-wave FWM pump powers was proposed in [6] , that prevents any risk of modulation instability from arising in the presence of small and positive dispersion. Since the pumps are continuous-wave, in this setup, the powers must be kept below the Brillouin threshold ( 10 mW). The method for retrieving the FWM power distribution is based on performing Brillouin optical time-domain analysis (BOTDA) over the FWM signal. Since stimulated Brillouin scattering can be made orders of magnitude more efficient than Rayleigh backscatter, smaller values of FWM pump powers are required. For the BOTDA configuration, a spectrally narrow pump pulse is launched into the fiber in opposite direction. The optical frequency of the Brillouin pump pulse has to be approximately , where is the Brillouin shift. For this configuration, the signal obtained at the BOTDA fiber end (tuned at ) can be expressed as (1) where is the Brillouin linear gain (dependent on the frequency separation between FWM and Brillouin pump), the mode effective area, and the powers of the anti-Stokes and Brillouin pump, respectively, and the pump pulse length. Since the Brillouin pump power is only subject to standard attenuation and, thus, varies very slowly, the amplified part of the signal is essentially proportional to the local power of the anti-Stokes signal. In conventional fibers, has a narrow lorentzian shape with a maximum at (10.2-10.9 GHz at 1550 nm) and a full-width at half-maximum (about 25 MHz at 1550 nm). In [6] , two lasers generated the FWM pumps and the BOTDA pump pulse was generated from a third different laser. The main drawback of this setup is that the evolution of the three frequencies is not completely fixed, and therefore, the analyzed FWM sideband might fall outside the Brillouin gain spectrum of the fiber. In this letter, we present a significant improvement of this method, in which the Brillouin pump is generated by modulation and FWM, resulting in an ideally stable frequency difference between Brillouin pump and anti-Stokes FWM signal for any wavelength separation between FWM pumps. Thus, by varying , it is possible to simultaneously retrieve the power distribution of the anti-Stokes signal and to measure the Brillouin shift (the maximum Brillouin interaction is achieved when ). might vary along the fiber due to strain, temperature or doping concentration [7] .
III. EXPERIMENTAL SETUP AND RESULTS
The experimental setup that we used is depicted in Fig. 1 . In  Fig. 2 , we show the wavelength arrangement. Two tunable, distributed feedback lasers are used to generate the FWM pumps. The first pump is continuous-wave, while the second one is modulated, producing as a result two nearly symmetric sidebands separated approximately by the Brillouin shift. An electronic feedback control at the output of the electrooptical modulator (EOM) ensures that no carrier goes through, even in the case of thermal changes in the device [7] . One of the two sidebands is used (together with the first FWM pump) to generate the initial seed of the Brillouin pump pulse by FWM in a highly nonlinear semiconductor optical amplifier (SOA). The pulse is shaped by gain switching of the SOA. The other sideband is used as a pump for the FWM process in the fiber. Thus, the frequency separation between the Brillouin pump and the FWM product generated in the fiber is constant (even in the case of random jitter in the frequency of the two distributed feedback lasers) and tunable (by acting on the RF generator). The two FWM pumps are aligned and amplified to saturation before entering the fiber.
The Brillouin pump pulse is subsequently filtered (with a tunable thin-film filter first, and a strain-tunable fiber Bragg grating later) and amplified with high-gain erbium-doped fiber amplifiers, to raise its power from a few microwatts to a few hundred milliwatts. The Brillouin pump pulse is introduced in the fiber in counterpropagating direction, thus, producing local Brillouin gain of the FWM product along the fiber. This gain can be observed at the input end of the Brillouin pump pulse by a suitable detector and a digitizing oscilloscope, like in any other BOTDA setup. The polarization of the Brillouin pump pulse is scrambled, and the acquired traces are averaged several thousand times to ensure that no polarization-dependent gain is recorded in the trace. The frequency separation between the Brillouin pump pulse and the FWM is swept all over the region of Brillouin gain of the fiber. The final result is a three-dimensional representation like the experimental results shown in Fig. 3 . Once the Brillouin shift for each point is determined, we compute the power distribution of the anti-Stokes FWM signal. Over this power distribution along the fiber, we compute a spectrogram. The window of analysis gives the final resolution and uncertainty of the chromatic dispersion map. Bigger windows ensure less resolution but also a smaller uncertainty (bigger windows include more signal periods and, thus, a much more robust determination of the local oscillation). To figure out the precision of the local measurement, we have estimated that using a single period in the analysis yields an uncertainty in the spatial frequency determination of approximately 5%. Fig. 4 shows the final chromatic dispersion maps together with the corresponding measured Brillouin shifts for a dispersion-shifted fiber and a nonzero dispersion-shifted fiber. The experimental results from both sides are consistent, and in very Fig. 4 . Calculated chromatic dispersion map and Brillouin shift of the dispersion-shifted fiber from Manufacturer A quoted in Fig. 3 . The analysis window is 2 km wide ('5 signal periods) to provide a very low uncertainty in the local value of the dispersion. good agreement with end-to-end measurements. Visually, a certain correlation between the evolution of the dispersion coefficient ( ) and the Brillouin shift ( ) appears quite evident. Other measurements in nonzero dispersion-shifted fibers from the same manufacturer show a similar correlation between the two magnitudes, although there seems to be no direct translation from one magnitude to the other.
To verify this correlation, we performed the same measurements in dispersion-shifted fibers from other different manufacturers. Fig. 5 shows the chromatic dispersion and Brillouin shift distribution along a fiber from Manufacturer B. The correlation is less evident in this case, as in all the fibers measured from this manufacturer. The tested fiber spools from Manufacturers C and D showed no significant chromatic dispersion variation, as well as no significant change in the Brillouin shift along the fiber. All the standard dispersion fibers tested (from all the manufacturers) showed no significant variation of the dispersion as well as rather negligible variations in the Brillouin shift.
Regarding the dynamic range of the instrument, we have achieved successful mapping of a 20-km-long concatenations of SMF fibers. In Fig. 6 , we show the acquired trace for a concatenation of an 11.8-km-long fiber with 19 ps nm km and a 4.5-km-long fiber with 16.2 ps nm km . The retrieved values of chromatic dispersion coefficient and Brillouin shift are in excellent agreement with end-to-end measurements. We believe that a suitable improvement of some still unoptimized aspects of the system (namely increasing the trace averaging and reducing the detection bandwidth) would lead to a superior performance of the dynamic range. With these improvements, we expect to achieve a dynamic range similar to that of a conventional BOTDA setup, around 50 km.
IV. CONCLUSION
An experimental technique for the simultaneous measurement of local chromatic dispersion and Brillouin shift along an optical fiber has been demonstrated. The experimental results are consistent and in good agreement with end-to-end data. Preliminary results show a correlation between both quantities in certain kinds of fibers. Further work and modeling should provide more insight into this correlation.
